Effects of static electropulsing on microstructure and elongation of the ZA 22 alloy were studied by using scanning electron microscopy and transmission electron microscopy techniques. It was found that the current density of electropulsing treatment (EPT) was one of the factors that influenced microstructural changes and dislocation structure in the EPT alloy. The identity of the microstructure and the dislocation density played an important role in plastic elongation of the EPT alloy. The effects of the current density of electropulsing on elongation of the alloy were discussed from the point of view of microstructural evolution and dislocation dynamics.
Introduction
In our previous article, 1) effects of current density on electropulsing-induced phase transformations in furnace cooled Zn-Al based alloy (ZA alloy) wire specimens were studied. It was reported that electropuilsing tremendously accelerated phase transformations in two stages: (a) transformations from supersaturated state approaching the final state, and (b) reverse transformations from the final state to a higher temperature state. The current density plays an important role in accelerating phase transformations of the alloys. With increasing current density, the speed of the phase transformations increased.
Understanding of effects of the electropulsing induced phase transformations on the plastic behaviors of the alloy is of practical significance. However, little has been done in this respect.
The present work studies in more details the electropulsing induced microstructural changes and their effects on plastic elongation of the alloy.
Experimental Procedures
As received Zn-Al based alloy wire of 1.5 mm in diameter was previously extruded, cold-drawn and tempered repeatedly. The nominal composition of the alloy was Zn 75:3 Al 22:1 Cu 2:6 (in mass%). Before electropulsing treatment (EPT), the as received wire was solution treated at 350 C for four days, then naturally cooled inside the furnace, i.e. furnace cooled (FC) to the ambient temperature. The heat treated alloy wire was cut into pieces of 100 mm length and statically electropulsing-treated by various electric current intensities for 10 seconds. The measurement setup for electropulsing is reported in Ref. 1) . A jet oil cooling system was used to cool and protect the surface of the wire specimen. The surface temperature of the specimen was 28 C, which was measured by a thermocouple. Various operation parameters of the electropulsing, such as pulse frequency, the pulse peak values, the root-mean-square (RMS), and the duration of pulse of the current of the specimen are listed in Table 1 .
After EPT, tensile tests were carried out at the ambient temperature (28 C), using a CMT5105 universal testing machine. A cross-speed, i.e. the deformation rate and the gage length were selected as 2 mm/min and 50 mm, respectively. The deformation rate was 4.7 times faster than the normal deformation rate of 0.42 mm/min for ZA alloys. Longitudinal cross-section of bulk parts and neck zones of both non-EPT and EPT wire specimens were polished and examined using scanning electron microscopy in the backscattered electron mode (BSEM) in order to produce a medium resolution of atomic contrast among the various phases involved. Conventional transmission electron microscopy (TEM) examination was carried out using JEM 2010 transmission electron microscope. Thin foil specimens were produced using ion-beam milling, and examined.
Results and Discussion

Tensile deformation
The tensile stress and the resulting strain of the non-EPT, i.e. furnace cooled, and the 10A-, 15A-, 20A-and 30A-EPT wire specimens were measured and used to plot the stressstrain (S-S) curve, as shown in Fig. 1 . The curve for 30A/ 10s-EPT specimen was drawn by a dotted line in order to distinguish from those S-S curves of other EPT specimens. The elongation at fracture was varied with different current intensity of EPT. The elongation and the ultimate tensile stress of the non-EPT specimen were measured as 4.5% and 298 MPa, respectively. The elongation of the 10A/10s-EPT specimen was increased to 6.4% and the corresponding ultimate tensile stress was 272 MPa. The 15A/10s-EPT specimen showed the maximum elongation and the ultimate tensile stress, 8.5% and 300 MPa, respectively. The elongation of the 15A/10s-EPT specimen was increased by 188%, compared with that of the non-EPT specimen. In Fig. 1 , it is also shown that the 15A/10s-EPT specimen was of the highest elastic modulus, i.e. the smallest slope of the straight line of the S-S curve at the early stage of tensile test among those EPT specimens. Upon further increase in current intensity of EPT to 20A, the elongation decreased to 5.5%. Whilst the elongation of the 30A/10s-EPT specimen increased again to 6.4% with the ultimate tensile stress of 275 MPa, which was similar to that of 10A/10s-EPT specimen. From Fig. 1 , it is seen that all the EPT specimens had higher elongations than that of the non-EPT specimen, and the EPT affected the ultimate tensile stress slightly. These imply that the EPT current intensity, which was corresponded to the current density in the present study, was critical to the elongation at fracture of the EPT specimens.
Microstructural evolution 3.2.1 Electropusling induced phase transformations
The BSEM images of the bulk parts and the neck zones of the tensile deformed non-EPT and EPT specimens are shown in Fig. 2 . The microstructure of the bulk part of the non-EPT (i.e. FC) ZA alloy specimen consisted of two lamellar structures (i.e. coarse and fine lamellae) with the light imaged Zn-rich phases: bcc " (Zn 4 Cu) and hcp (a4), respectively. The T 0 precipitates increased to maximum in the 30A/10s EPT specimen, as shown in Fig. 2(a5) . In other words, the specimen approached to the final stable state.
In comparison with non-EPT, i.e. aging process, the fourphase transformation þ " ! T 0 þ , occurred after ageing at 170
C for 52 h. It took at least 12 min in the 100 C-tensile deformation.
2) Obviously the phase decomposition, þ " ! T 0 þ , in the bulk parts of the deformed EPT specimens (where there was no external stress imposed on) i.e. the phase decomposition in the EPT-FC specimens was greatly accelerated with increasing current density of electropulsing.
With addition of an external tensile stress, the phase transformations were even fastened in the ZA alloy specimens. Shown in Fig. 2(b1) -(b5) are BSEM images of the neck zone of the non-EPT and EPT ZA alloy specimens.
1)
The grey imaged T 0 phase precipitates increased apparently in the light imaged " phase in the neck zone of the 10A/10s-EPT specimen Fig. 2(b2) . In the neck zone of the 15A/10s-EPT specimen, T 0 precipitates increased to maximum, as shown in Fig. 2(b3) . In this stage of phase transformation, i.e. the forward phase transformation, the supersaturated phases decomposed and approached to the final stable state in the neck zone of the FC ZA alloy specimen in the 15A/10s-EPT specimen under tensile stress. Upon increased current intensity, the T 0 precipitates decreased with increasing current intensity to 20A and 30A, as indicated by arrows in Fig. 2(b4) and (b5), respectively. A reverse phase transformation:
TEM examination confirmed that the reverse phase transformation: T 0 þ ! þ ", developed with increasing current density of EPT. Shown in Fig. 3 are The TEM bright field images of the neck zone of the 15A, 20A, 30A EPT specimens. 1) In the neck zone of the 15A/10s-EPT specimen, no " phase was observed, as shown in Fig. 3(a) . In the neck zone of the 20A/10s-EPT specimen, small precipitates of the " phase formed at the phase boundaries, as indicated by arrows in Fig. 3(b) . The precipitation of the " phase well developed at the phase boundaries and inside the phase in the neck zone of the 30A/10s-EPT specimen, as indicated by arrows in Fig. 3(c) . The precipitates of the " phase were identified by using TEM examination. Details of the TEM identification of the phases were reported in Ref. 1) .
In combination of the results of BSEM and TEM, it is clear that in the neck zone of the tensile deformed EPT alloy specimens, the electropulsing tremendously accelerated the phase transformations in the ZA alloy sequentially in two ways of ''quenching'' i.e. the forward phase transformation:
þ " ! T 0 þ , and ''up-quenching'' i.e. the reverse phase transformation: T 0 þ ! þ ", as shown in Fig. 3 , respectively.
Microstructure identity
Chemical homogeneity and microstructural identity are important for reducing necking shrinkage in plastic deformation and enhancing elongation of the alloys. After repeated extrusion, cold-drawing and tempering, the FC ZA alloy wire specimens are chemically homogeneous. Thus the microstructure identity depends mainly on the electropulsing induced phase transformation. The above mentioned forward phase transformation, þ " ! T 0 þ , in the bulk parts of ZA alloy occurred in a way of ''quenching'', when the current intensity was increased until 30A. The T 0 precipitates increased to maximum. In comparison, in the neck zone of the EPT specimens, the forward phase transformation, þ " ! T 0 þ , developed with increasing current intensity until 15A, and the T 0 precipitates increased accordingly, as shown in Fig. 2(a) . Upon further increasing current density to 20A and 30A, the reverse phase transformation,
The amount of the T 0 phase precipitates were decreased, as shown in Fig. 2(b) . In both the bulk part and the neck zone of the 15A/10s EPT specimens, a better microstructure identity was obtained, shown in Fig. 2 . The elongation at fracture increased to 8.5%, which was the highest compared with that of the 10A/10s, 20A/10s and 30A/10s EPT specimens, as shown in Fig. 1 .
From the above microstructural evolution of the specimens, it can be seen that an adequate EPT provided a α + ε T' + η" in a way of quenching " favorable microstructure identity that enhanced the plastic elongation of the alloy.
Identity of dislocation
TEM observations revealed clearly the dislocation evolution under EPTs with various current densities. TEM bright field images of the bulk parts and the neck zones of the tensile-deformed non-EPT (a) and 10A/10s, 15A/10s, 20A/ 10s and 30A/10s EPT (b) specimens are shown in Fig. 4 . In the bulk part of the non-EPT specimen, there were some dislocation arrays and nodes, introduced from the previously cold-working in the original specimen, as shown in Fig. 4(a1) . During tensile deformation, some of the dislocation lines had piled up at the grain boundaries in the neck zone of the non-EPT alloy specimen, as indicated by arrows in Fig. 4(b1) . The elongation at fracture was 5%.
Because of electron wind force, the electropulsing pushed defects, such as dislocation and atomic vacancies, toward the sub-grain boundaries, and accelerated the movement of both the dislocation and vacancies. Dislocation arrays and nodes decreased in both the bulk part and the neck zone of the 10A/10s EPT specimens, as shown in Fig. 4(a2) and (b2) , respectively. The elongation at rupture increased to 6.5%.
Under 15A/10s EPT, amount of the dislocation lines were considerably reduced in the specimens, as shown in Fig. 4(a3) and (b3) , respectively. The TEM bright image appeared clean and dislocation lines were rarely observed. That means that those piled up dislocations were annihilated adequately at the structural distorted grain boundaries. The identity of the dislocation between the grain boundaries and inside the grains in the specimen was improved. The plastic deformation ability of the specimens was remarkably enhanced. The elongation at rupture was increased to the maximum (8.5%).
In the 20A/10s EPT specimen, a higher current density resulted in accumulating more dislocation lines at the grain boundaries, and that made it difficult for those piled up dislocations to be annihilated adequately. In both the bulk part and the neck zone of the specimens, plenty of dislocation blocks were observed at the grain boundaries, as indicated by arrows in Fig. 4(a4) and (b4) , respectively. The dislocation density at grain boundaries appeared higher than that located inside the grains. A high concentration of dislocations blocking at the grain boundaries prevented dislocations themselves from further moving, and resulted in increase in stress locally. The grain boundaries became unstable and easy to fracture. The elongation decreased to 5.5%.
In the 30A/10s EPT specimens, less dislocation blocks were observed, as shown in Figs. 4(a5) and (b5), respectively. Because of the EPT with the higher current density, the dislocation blocks were partly destroyed. The difference of the dislocation densities between the grain boundaries and inside the grains was decreased. Consequently, the elongation at the fracture was improved back to 6.5%.
From the above dislocation evolution induced by EPT, it is reasonable to deduce that a better dislocation identity between the grain boundaries and inside the grains favors the enhancement of the plastic elongation of the EPT alloy.
It was interesting to notice that compared with the non-EPT, the static EPT increased the elongation of the specimens by 188%, while the dynamic EPT increased the elongation of the specimens by 437%.
3) It is because the dynamic EPT is a process that combined both EPT and tensile deformation, and the difference in dislocation density resulted from tensile deformation is instantaneously reduced by electropulsing during dynamic EPT. The elongation of the dynamic EPT is much higher than that of the non-EPT specimens.
Elastic behaviors
Due to the above discussed effects of electropulsing on both the identities of microstructure and dislocation density, elastic behaviors were affected. From Fig. 1 , the elastic modulus of the 15A/10s EPT specimen was the smallest among those alloy specimens being tested. According to the definition of the elastic modulus, E ¼ '=". Under 15A/10s EPT, the identities of microstructure and dislocation were improved, the elongation of the alloy specimen enhanced. Consequently, the strain " (Ál=l) was increased and the stress ' (F=A) for elastic deformation was reduced at the early stage of the tensile test. The elastic modulus, i.e. the slope of the straight line of the S-S curve at the early stage of tensile test was reduced, as shown in Fig. 1 . The observed elastic strain may be composed of the intrinsic elastic strain and the anelastic strain. 4) In the present study, an adequate electropulsing favors reversible dislocation motions. Meanwhile, the electropulsing induced precipitation of the T 0 phase via the four phase transformation may modify the dislocation pinning. Therefore, both the anelastic strain and the plastic elongation may be improved even under a higher deformation rate (such as work hardening rate or necking rate).
3)
Electropulsing kinetics
In addition to the identities of microstructure and dislocation density, the electropulsing parameters affect in a great deal the plastic elongation of the alloy.
In previous studies, it was reported that during passing of the electropulse through metallic systems, there was an impacting force of high-rate drift electrons as well as a mass of collisions between high-rate drift electrons and atomic nuclei. [5] [6] [7] [8] [9] [10] Under the impact of transient stress, the mobilized dislocations were moving very quickly, even at ultrasonic speeds.
9) The transfer energy from the electrons to the atoms was much more effective than that in the traditional thermal and thermo-mechanical processes. From the point of view of thermodynamics, a process with a very high rate of increasing in supersaturation, i.e. the driving force for phase transformations is called ''quenching''. EPT is also a kind of quenching, called ''electropulsing-quench'', being distinct from ''water-quench'' which is used in conventional heat treatment. 11) It was proposed that the electropulsing effectively affected the sliding behaviors of the dislocation, and the activity of vacancies. 12) As far as the diffusion-controlled phase transformations are concerned, it is anticipated that electron migration may be important when considering the influence of an electric current. The effects of the atomic diffusion flux, J, on both phase decomposition rate, and the motion and annihilation of dislocations and quench-in vacancies to the structural distorted grain boundaries are critical.
In the case of electropulsing, J, consists of two parts: J t and J a , where J t is the flux of diffusion atoms due to the thermal effect, and J a is the flux of the diffusion atoms owing to the athermal effect. [13] [14] [15] In the present study, the electropulsing was performed at about the ambient temperature. The j t is small and neglected. The atomic flux for the total duration of EPT is then written as
where J a is proportional to the parameters of electropulsing, and substantially increases with the peak current density j m , frequency f , duration of each electropulse ( p and duration of EPT t ept . Therefore, current density is one of the factors that tremendously accelerate the evolution of both microstructure and dislocation.
Conclusions
(1) Under 15A/10s-static EPT, the elongation of Zn-Al based alloy was increased by 188%, compared with that of the non-EPT specimen. (2) Under static EPT, the phase decomposition of the EPT-FC ZA alloy was greatly accelerated with increasing current density. (3) In the tensile deformed EPT alloy specimens, the electropulsing tremendously accelerated phase transformations in the FC ZA 22 alloy in two ways consequently: a) þ " ! T 0 þ , by ''quenching'' and b) T 0 þ ! þ ", by ''up-quenching''. (4) The current density of EPT greatly affected identity of the microstructure, the dislocation density and the elastic behaviors of the alloy. Better identities of both microstructure and dislocation density favor the enhancement of the plastic elongation of the EPT alloy.
